During infection in the gastrointestinal tract, enterohemorrhagic Escherichia coli (EHEC) O157:H7 is exposed to a wide range of signaling molecules, including the eukaryotic hormones epinephrine and norepinephrine, and bacterial signal molecules such as indole. Since these signaling molecules have been shown to be involved in the regulation of phenotypes such as motility and virulence that are crucial for EHEC infections, we hypothesized that these molecules also govern the initial recognition of the large intestine environment and attachment to the host cell surface. Here, we report that, compared to indole, epinephrine and norepinephrine exert divergent effects on EHEC chemotaxis, motility, biofilm formation, gene expression, and colonization of HeLa cells. Using a novel two-fluorophore chemotaxis assay, it was found that EHEC is attracted to epinephrine and norepinephrine while it is repelled by indole. In addition, epinephrine and norepinephrine also increased EHEC motility and biofilm formation while indole attenuated these phenotypes. DNA microarray analysis of surface-associated EHEC indicated that epinephrine/norepinephrine up-regulated the expression of genes involved in surface colonization and virulence while exposure to indole decreased their expression. The gene expression data also suggested that autoinducer 2 uptake was repressed upon exposure to epinephrine/ norepinephrine but not indole. In vitro adherence experiments confirmed that epinephrine and norepinephrine increased attachment to epithelial cells while indole decreased adherence. Taken together, these results suggest that epinephrine and norepinephrine increase EHEC infection while indole attenuates the process.
The intestinal tract is colonized by approximately 10 12 commensal bacteria consisting of hundreds of bacterial species, including the genus Escherichia (9, 10, 19) . The introduction of pathogenic bacteria such as enterohemorrhagic Escherichia coli (EHEC) O157:H7 into the human gastrointestinal (GI) tract results in colonization of host cells and leads to the onset of bloody diarrhea and hemolytic uremic syndrome (24, 25) . EHEC infections progress through a three-step mechanism, the first of which involves adhesion of bacteria to host cells and the formation of microcolonies (23, 46) . EHEC infections pose a serious clinical problem as they are often associated with complications and permanent disabilities, including neurological defects, hypertension, and renal insufficiency (35) . Understanding the mechanisms underlying EHEC pathogenicity could lead to better approaches for attenuating the deleterious consequences associated with GI tract infections (52) .
E. coli O157:H7 is exposed to a wide range of signaling molecules in the GI tract. These include bacterial quorum-sensing molecules such as autoinducer 2 and 3 (AI-2 and AI-3, respectively) that are involved in the regulation of phenotypes crucial for virulence and infection (44, 49) . For example, Sperandio et al. (43, 44) have shown that the adhesion of pathogenic E. coli to host cells, which is an important initial step in the infection process, is regulated by these soluble signals. An EHEC luxS mutant that is deficient in the synthesis of AI-2 and AI-3 demonstrated markedly decreased expression of flagella and motility genes required for adherence to epithelial cells (17) , and we have found that the direct addition of AI-2 stimulates E. coli biofilm formation (18) . The concentration of these bacterium-derived soluble signals is expected to be high in the GI tract, as both pathogenic as well as nonpathogenic commensal bacteria that reside in the GI tract (9) produce AI-2 and AI-3. Other bacterial signaling molecules, such as the stationary phase signal indole (50) , that are produced by commensal E. coli (13) are also expected to be present at high concentrations in the GI tract. Indole decreases motility and biofilm formation of nonpathogenic E. coli (13) through SdiA (28) and could be especially important in EHEC infections since it has been shown to regulate virulence genes in enteropathogenic E. coli (4) .
Recent studies have also shown that eukaryotic signals in the GI tract also play an important role in EHEC adhesion and infections. Catecholamines such as epinephrine (EPI) and norepinephrine (NE) have been shown to enhance the growth of pathogenic bacteria (15, 16, 33) and production of virulence factors (30, 32) . NE has also been shown to increase adhesion of EHEC to cecal mucosa (7), colonic mucosa (19) , and ileum (48) . Sperandio et al. (44) initially demonstrated that EPI and NE function similarly to AI-3 by activating the virulence genes (e.g., LEE genes) in EHEC (44) . Recent studies by Clarke et al. (8) and Walters and Sperandio (49) have also shown that AI-3 and EPI utilize the same receptor (QseC) and suggest a synergistic relationship between these two molecules in the expression of virulence genes.
The goal of this work was to investigate the effect of eukaryotic and prokaryotic extracellular molecules on phenotypes important in EHEC infections. We hypothesized that EHEC infection is influenced to different degrees by the different eukaryotic and prokaryotic molecules present in the GI tract. Therefore, we investigated the effect of three molecules-the eukaryotic hormones EPI and NE and the E. coli stationary phase signal indole-on EHEC chemotaxis, biofilm formation, and adherence to epithelial cells. The molecular basis of the alterations in EHEC physiology upon exposure to EPI, NE, and indole was also investigated using DNA microarrays. Our results suggest molecular-level interactions between prokaryotic and eukaryotic signaling molecules in EHEC colonization. To our knowledge, this is the first report of EHEC chemotaxis, motility, and biofilm formation in response to eukaryotic signaling molecules.
MATERIALS AND METHODS
Bacterial strains, materials, and growth. E. coli O157:H7 (CDC EDL933) and E. coli TG1 were obtained from ATCC (Manassas, VA) and Stratagene (La Jolla, CA), respectively. Plasmids pCM18 (20) and pDS-RedExpress (Clontech, California) were used to constitutively express the green fluorescent protein (GFP) and the red fluorescent protein (RFP), respectively. Luria-Bertani medium (LB) was used for overnight cultures of E. coli O157:H7 (ATCC, Manassas, VA). LB supplemented with 0.2% (wt/vol) glucose (LB-Glu) was used in all biofilm experiments. EPI and NE were purchased from MP Biomedicals (Irvine, CA). Indole was purchased from Sigma Chemical Co. (St. Louis, MO).
Agarose plug chemotaxis assay. Chemotaxis experiments in agarose plugs were performed by adapting the procedure of Yu and Alam (55) to include live cells tagged with GFP and dead cells tagged with RFP. Briefly, an overnight culture of E. coli O157:H7 (pCM18) was used to inoculate 10 ml of growth medium (10 g/liter tryptone, 5 g/liter yeast extract, 2 mM MgSO 4 , 2 mM CaCl 2 ) to a turbidity of ϳ0.05 at 600 nm and grown to mid-exponential phase (turbidity at 600 nm of ϳ0.7). The chemotaxis compound was also added to the medium during growth. Cells were harvested, washed twice, and resuspended in 1 ml of chemotaxis buffer (1ϫ phosphate-buffered saline [PBS], pH 7.4, 0.1 mM EDTA, 10 mM sodium succinate). In addition, kanamycin-killed E. coli TG1 (pDSRedExpress) was also added to the cell suspension such that the ratio of live cells to dead cells was 2:1. In parallel, the chemotaxis compound was mixed with a 2% low-melting-point agarose in chemotaxis buffer containing trace amounts of bromophenol blue (to help visualization of the plug) at 55°C. A 10-l aliquot of the agarose solution containing the chemotaxis compound was added between a glass slide and a raised glass coverslip. Two hundred microliters of the cell suspension was immediately added to the slide, and the migration of bacteria toward or away from the agarose plug was imaged on a Zeiss Axiovert 200 fluorescence microscope (Thornwood, NY). Green and red fluorescence images were obtained every 5 min for 30 min. Images were processed and analyzed using the Zeiss Axiovision software, version 4.3.
Motility and biofilm assays. Motility assays were performed as described by Sperandio et al. (42) . Briefly, overnight cultures of EHEC were subcultured 1:100 in LB medium and grown to a turbidity of ϳ1.0 at 37°C. EPI (50 M), NE (50 M), or indole (500 M) was added to the motility agar plates (1% tryptone, 0.25% NaCl, and 0.3% agar), and the sizes of the motility halos were measured after 8 h. Six motility plates were used for each molecule, and the experiment was repeated with three independent cultures (a total of 18 motility plates per molecule).
Biofilm assays were performed in 96-well polystyrene plates according to the protocol described by Pratt and Kolter (37) . Cells were grown for 24 h without shaking in the presence of EPI (50 M), NE (50 M), or indole (500 M). Each data point was averaged from 18 replicate wells (six wells from three independent cultures).
Biofilms for microarray experiments were formed on glass wool for RNA extraction and DNA microarray analysis (21) . Briefly, an overnight culture of E. coli O157:H7 was used to inoculate 10 g of glass wool in 250 ml of LB-Glu medium to a starting turbidity of ϳ0.03. Biofilms (n ϭ 3) were developed at 37°C for 7 h with shaking in the presence of EPI (50 M), NE (50 M), or indole (500 M). Based on our unpublished data showing that extracellular indole levels increase after 4 h of culturing (due to depletion of glucose) and that indole biosynthesis is subject to catabolite repression (22) , the glucose in the medium was replenished after 3.5 h for all samples so as to minimize the effects of intracellularly produced indole on the observed gene expression patterns. The glass wool was removed from the culture quickly and gently washed two times in 100 ml of 0.85% NaCl buffer at 0°C (less than 30 s). Biofilm cells were removed from glass wool by sonication for 2 min in 200 ml of 0.85% NaCl buffer at 0°C, cell pellets were stored at Ϫ80°C, and RNA was isolated as described previously (21) . RNA isolation and DNA microarrays. Total RNA was isolated from EHEC biofilms in triplicate, and RNA quality was assessed using gel electrophoresis (39) . E. coli Genome 2.0 arrays (Affymetrix, California) containing approximately 10,000 probe sets for all 20,366 genes present in four strains of E. coli, including E. coli O157:H7 EDL933, were used to profile changes in gene expression using one of the triplicate RNA samples for each treatment. Hybridization was performed for 16 h, and the total cell intensity was scaled automatically in the software to an average value of 500. The data were inspected for quality and analyzed according to the procedures described by the manufacturer (1) which include using premixed polyadenylated transcripts of the B. subtilis genes (lys, phe, thr, and dap) at different concentrations. Genes were identified as differentially expressed if the expression ratio (between biofilms treated with EPI, NE, or indole and untreated control biofilm cells) was greater than 2.0 (based on the standard deviation between values measuring relative changes in expression) (38) and the change in the P value was less than 0.05. The differentially expressed genes were annotated using gene ontology definitions available in the Affymetrix NetAffx Analysis Center (http://www.affymetrix.com/analysis/index.affx).
Quantitative RT-PCR. Quantitative reverse transcription-PCR (RT-PCR) was performed using an iCycler (Bio-Rad, California) real-time PCR unit (28) . Approximately 50 ng of total RNA from control or EPI-treated EHEC was used for RT. Gene sequences were downloaded from the ASAP (for a systematic annotation package for community analysis of genomes) website (https://asap.ahabs .wisc.edu/asap/home.php?formSubmitReturn ϭ 1), and gene-specific primers were used for lsrA, lsrB, lsrC, and rpoA (housekeeping control) ( Table 1) . Threshold cycle numbers were calculated using MyiQ software (Bio-Rad), and PCR products were verified using agarose electrophoresis. RT-PCR experiments were initially performed using the same sample used for microarray analysis, followed by verification with replicate samples.
In vitro adhesion assays. Adhesion of EHEC to HeLa S3 cells was performed using a previously described protocol (46) . HeLa S3 cells (ATCC, Manassas, VA) were routinely cultured and propagated in Dulbecco's modified Eagle's medium with 10% heat-inactivated fetal bovine serum according to standard protocols (ATCC). Low-passage-number HeLa cells were cultured in standard 24-well tissue culture plates and grown at 37°C in a 5% CO 2 humidified environment until ϳ80% confluence. HeLa cell monolayers were washed three times with sterile PBS to remove unattached cells, and the growth medium was replaced with antibiotic-free Dulbecco's modified Eagle's medium with 10% fetal bovine serum. Approximately 5 ϫ 10 6 cells of a freshly grown E. coli O157:H7 culture (turbidity of ϳ1.0) were added to each well and incubated for 3 h at 37°C in a 5% CO 2 environment. Loosely attached cells were removed by washing the wells three times with sterile PBS, and the HeLa cells were lysed in the wells using 0.1% Triton X-100 in PBS. The cell suspension in each well was vigorously vortexed, and serial dilutions of the bacteria were plated on LB plates. Colonies were counted after a 24-h incubation at 37°C.
Microarray data accession number. The expression data have been deposited in the NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov /geo/) and are accessible through GEO Series accession number GSE5552. 
RESULTS
Effect of EPI, NE, and indole on E. coli O157:H7 chemotaxis, motility, and biofilm formation. A standard agarose plug assay (55) was modified to include a live and a dead strain, each tagged with a different fluorophore, to create a new assay for studying chemoattraction or repulsion exhibited by EHEC toward EPI, NE, and indole. EHEC expressing GFP and kanamycin-killed E. coli TG1 with RFP were mixed together and introduced into the vicinity of an agarose plug containing the chemotaxis molecule. Diffusion of EPI and NE from the agarose plug resulted in attraction of EHEC and accumulation near the agarose plug while the dead cells were evenly distributed ( Fig. 1A and B) . The concentration at the edge of the plug was not inhibitory to EHEC as cells were observed attached to the agarose plug after 30 min of exposure. A distinct clearance zone was also detected between the attracted cells and cells in the bulk fluid (i.e., away from the agarose plug), which also suggested a concentration-dependent migration of cells toward EPI and NE. This chemoattractive response was similar to that observed with the positive control Casamino Acids (Fig. 1C) .
In contrast, exposure to indole resulted in migration of EHEC away from the agarose plug, and a clearance zone was formed closer to the agarose plug (Fig. 1D) ; this repulsion was similar to that observed with the negative control glycerol (Fig.  1E ). Exposure to a neutral chemical medium (M9 salts) did not result in any attraction or repulsion (Fig. 1F) . These results clearly show that EHEC demonstrates chemotactic attraction toward EPI and NE but migrates away from indole.
Based on the significant changes in chemotaxis and its relation to cell motility, the effect of EPI, NE, and indole on EHEC motility was also investigated. EPI and NE were used at concentrations of 50 M based on published reports (44), while indole was used at a higher concentration (500 M) based on the extracellular concentration of indole (ϳ400 M) in stationary phase cultures of E. coli O157:H7 (27) . At these concentrations, no significant alteration in the growth rate of EHEC was observed (1.35 Ϯ 0.02 h Ϫ1 , 1.35 Ϯ 0.02 h Ϫ1 , and 1.33 Ϯ 0.07 h Ϫ1 for EHEC, EHEC with 50 M EPI, and EHEC with 50 M NE, respectively), indicating that the observed results are not due to changes in growth rate. Addition of EPI and NE increased motility by 1.4-fold, compared to untreated controls, while indole decreased EHEC motility by 2.8-fold (Fig. 2) .
Given the changes in motility and their effect on biofilm (53), the effect of these molecules on EHEC biofilm formation was also determined. Figure 2 also shows that EPI and NE resulted in a 1.7-and 1.5-fold increase, respectively (statistically significant at a P value of Ͻ0.01 using a Student t test), in EHEC biofilm formation on polystyrene after 24 h. On the other hand, the addition of indole decreased biofilm formation by 2.4-fold after 24 h. Together, our data indicate that EPI, 
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NE, and indole affect EHEC motility and biofilm formation in a manner consistent with their effect on chemotaxis. Gene expression in EPI-, NE-, and indole-treated E. coli O157:H7 biofilms. The molecular basis of the effect of EPI, NE, and indole on chemotaxis, motility, and biofilm formation was investigated using DNA microarrays. EHEC biofilms were formed in LB-Glu medium for 7 h on glass wool in the presence of EPI, NE, or indole. The glass wool biofilm model was used to mimic surface-associated short-term growth of EHEC, which is similar to the localized adherence required for infection (41) . Genes whose expression was altered by at least twofold were selected and sorted into functional categories (e.g., metabolism or transport) ( Table 2) , and the expression trends with the different stimuli were analyzed.
The number of genes differentially expressed in response to EPI, NE, and indole treatments were initially compared (Fig.  3) . A total of 938 and 970 genes were differentially expressed by EPI and NE, respectively, with 411 differentially expressed genes common between the two treatments (Fig. 3, 316 plus 95). In comparison, 163 and 216 E. coli O157:H7 genes were commonly expressed between EPI and indole or NE and indole, respectively. Nearly equal numbers of common differentially expressed genes were either similarly (86 out of 163 genes up-regulated by both EPI and indole) or divergently (77 out of 163 genes down-regulated by both EPI and indole) expressed upon exposure of E. coli O157:H7 to either EPI or indole. On the other hand, a majority (197 out of 216) of the common genes differentially regulated after exposure to NE and indole were similarly expressed (i.e., genes up-regulated by NE were also up-regulated upon exposure to indole and vice-versa). These results indicate that EPI and NE, although similar in structure, exert different effects on E. coli O157:H7 biofilm gene expression.
The common EHEC genes significantly expressed after exposure to EPI, NE, and indole were further analyzed (Fig. 3 , intersection between EPI, NE, and indole). Since EPI and NE exhibit divergent effects on chemotaxis, motility, and biofilm formation compared to indole, we sought to classify genes which were either similarly or divergently altered in expression by EPI/NE and indole. The addition of EPI and NE significantly altered several genes, including those that function in AI-2 uptake, phosphate metabolism, glutamate/glutamine metabolism, cold shock, antisense RNA, hydrogenase activity, phosphotransferase system (PTS), tricarboxylic acid cycle, iron uptake and transport, and two-component signal transduction systems ( Table 2 ).
The expression levels of genes involved in the transport and uptake of AI-2 were decreased in EHEC biofilms upon exposure to EPI and NE. The entire lsr operon (lsrACDBFG) that encodes an AI-2 uptake and modification system (51, 54) , as well as regulators of the lsr operon (lsrK and lsrR), demonstrated decreases in expression ranging from 1.4-to 9.8-fold upon exposure to EPI and NE (Table 3) . However, the AI-2 exporter gene, ydgG (21), was not significantly altered in expression. The trends observed with the microarrays were further validated using real-time RT-PCR, and comparable changes in expression were observed for lsrA (Ϫ9.8-fold in microarrays versus Ϫ4.8-fold with RT-PCR), lsrB (Ϫ7-fold in microarrays versus Ϫ2.5-fold with RT-PCR), and lsrC (Ϫ4.3-fold in microarrays versus Ϫ2.4-fold with RT-PCR). Together, these results suggest that the uptake of AI-2, but not export, was down-regulated by EPI and NE in EHEC biofilms.
Genes belonging to three functional groups-cold shock response, phosphate metabolism, and glutamate/glutamine metabolism-were also divergently regulated by indole compared to EPI and NE in E. coli O157:H7 biofilms. For example, the cspH gene was up-regulated 22.6-fold by EPI and 21.1-fold by NE but was down-regulated by 2.5-fold upon indole treatment. Changes in the expression of these divergently regulated genes are discussed below.
Cold shock genes. Stress-related cold shock genes were differentially altered in E. coli O157:H7 biofilms by EPI, NE, and indole. The data show that cold shock regulator genes (cspGH) increased in expression in EPI-and NE-treated biofilms by 6-to 23-fold, while indole decreased the expression of these genes by 2.5-to 4-fold. Earlier work from our laboratory (13) has shown that cold shock genes are up-regulated in developing (7 h) but not in mature E. coli K-12 biofilms. The changes in the cold shock response genes, along with the alterations in biofilm formation ( Fig. 2A) , further support the hypothesis that EPI and NE increase E. coli O157:H7 colonization while indole decreases biofilm formation.
Phosphate-related genes. The expression levels of phosphate-related genes in E. coli O157:H7 biofilms were also divergently regulated upon exposure to EPI and NE or indole. Several belonging to the pho (phoBRU) and pst (pstAC) operons were increased in expression upon exposure to EPI or NE whereas the expression of the pstSCAB genes and phoBU genes was significantly down-regulated in indole-treated biofilms. The phosphate transport system (encoded by the pstSCABphoU operon) has been previously shown to play an important role in E. coli CFT073 virulence and pathogenicity (12) . Recently, Buckles et al. (5) have also identified PhoU as a virulence factor in urinary tract colonization. The changes in pst and pho gene expression observed with EPI and NE suggest that these signal molecules increase E. coli O157:H7 virulence while indole inhibits expression of genes involved in virulence. Glutamate/glutamine genes. The expression of genes involved in glutamate/glutamine biosynthesis and transport were increased in EPI-and NE-treated E. coli O157:H7 biofilms. These included genes involved in glutamate and transport (e.g., gltJ and glnP) that function in importing glutamate into the cell (29, 36) . A decrease in the expression of these genes was observed with indole; however, these changes in expression were not significant. Genes involved in nitrogen metabolism are known to be involved in virulence of gram-positive and gram-negative bacteria (26) . Recently, Walters et al. (49) reported that glutamate and oxaloacetate are utilized to generate L-aspartate that is converted to homocysteine and used for AI-3 production. The increase in the expression of genes involved in glutamate intake suggests that EPI and NE might stimulate AI-3 production in E. coli O157:H7 during biofilm formation, whereas indole might inhibit the synthesis of AI-3 (although the changes in the expression of glnP and gltJ are slightly below the twofold significance threshold).
Adherence to HeLa cells in the presence of EPI, NE, and indole. Based on the chemoattraction of E. coli O157:H7 to EPI and NE and the repulsion by indole, we hypothesized that these molecules would also divergently impact the EHEC adhesion that leads to virulence and infection. The human cervical carcinoma epithelial cell line, HeLa S3, was used for determining the effect of EPI, NE, and indole on E. coli O157:H7 adherence to epithelial cells. Although not of intestinal origin, HeLa cells have been extensively used for studying E. coli O157:H7 infections as they exhibit several classical 
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features of infection including the formation of attaching and effacing lesions (46, 47) . Figure 4 shows that exposure to a 50 M concentration of EPI or NE for 3 h increased the attachment of EHEC to HeLa cells by 3.4-and 5.2-fold, respectively. On the other hand, adherence to HeLa cells in the presence of a 500 M concentration of indole was reduced by 3.1-fold compared to untreated controls. These results are consistent with the effect that these molecules have on E. coli O157:H7 chemotaxis, motility, biofilm formation, and gene expression.
DISCUSSION
The data presented in this report clearly demonstrate that the eukaryotic signaling molecules EPI and NE impact E. coli O157:H7 chemotaxis, motility, biofilm formation, gene expression, and attachment to epithelial cells in a manner different from that of the prokaryotic signal indole. The mechanisms utilized by this enteric pathogen to "recognize" its environs and initiate colonization are not fully understood. Kaper and Sperandio (24) have proposed that pathogenic E. coli detect quorum-sensing molecules from commensal bacteria, as well as other eukaryotic signals in the GI tract, to initiate colonization and infection. Our data provide evidence that EHEC can utilize eukaryotic and prokaryotic signals to "sense" and detect the appropriate location (i.e., large intestine) prior to colonization.
Sensing of EPI, NE, and indole by E. coli O157:H7 could be the first step in a sequence of events leading to infection, as phenotypes such as adherence and colonization, which are downstream of chemotactic recognition and important for infection, are also up-regulated by EPI and NE. Indeed, catecholamines have been shown to increase the adherence of E. coli O157:H7 to intestinal mucosa in different in vivo models of infection (7, 19) . Our observations on the recognition of EPI and NE by EHEC are also in agreement with other reports on the regulation by EPI and NE of the expression of virulence genes and infection (8, 44, 49) and, together, suggest an important role for these molecules in EHEC infections. It should be noted that the addition of 50 M EPI or NE did not increase the growth rate of EHEC, which is in contrast to prior reports describing an NE-mediated increase in growth of EHEC and other bacteria (14, 16) . However, the similar growth rates observed between control and EPI/NE-treated cultures further emphasize the fact that the changes observed in chemotaxis, motility, biofilm formation, and HeLa cell adherence are not an artifact of increased cell density arising from increased growth rate upon exposure to EPI or NE. Even though the presence and concentration of EPI and NE in the intestinal lumen has not been directly measured, it is reasonable to assume that EHEC encounters these molecules during infection. Very high local concentrations of catecholamines exist in the GI tract, which can result in NE leakage into the lumen through diffusion driven by the concentration gradient (31) . Evidence for this has been presented by Chen et al. (6) , who demonstrated that the addition of 10 M NE to the contraluminal side of mucosal explants from cecum and colon increases EHEC adherence on the luminal side. The likelihood of NE's also being present in the lumen is further supported by the work of Ahlman et al. (2, 3) , who detected a different neuroendocrine molecule, serotonin, in the intestinal lumen. However, it should be noted that EPI is less likely to be present in the intestinal lumen, as there have been no prior reports on the generation of EPI through the enteric nervous system or by the mesenteric organs (11) .
We restricted our investigation to gene expression changes in a surface-associated (biofilm) model as opposed to planktonic cultures because the localized adherence of microcolonies to epithelial cells is more relevant for infections. Our data clearly show that 15 genes (encoding for functions related to virulence and biofilm formation) are divergently regulated between EPI/NE and indole. It should also be noted that these signals also exhibited similar effects on the expression of nearly 80 other genes (Fig. 3) . However, a majority of these similarly regulated genes are hypothetical proteins, and of the annotated genes, none is related thus far to surface attachment or virulence. Therefore, based on the available annotation information, we propose that EPI/NE and indole play antagonistic roles during E. coli O157:H7 colonization and infection of epithelial cells. Identification and characterization of the 80 similarly regulated genes is needed to generate a comprehensive picture of the role that these molecules play during E. coli O157:H7 infection in the GI tract. Our unpublished data indicate that some of the genes (e.g., pstA) identified in this study are important in the EHEC response to NE and in infection, as an EHEC pstA mutant does not demonstrate a significant increase in attachment to HeLa cells upon exposure to NE (data not shown).
The changes in the expression of glutamate transport genes suggest an intriguing possibility that EPI and NE are involved in up-regulating AI-3 production. Since glutamate is involved in AI-3 synthesis (49), it is possible that this increase in glutamate uptake underlies an increase in AI-3 synthesis and, thereby, virulence. While some genes related to virulence (e.g., phoU) were altered in expression, none of the virulence genes (e.g., eae) per se demonstrated any significant changes in expression upon treatment with EPI and NE. These results are in contrast to other studies (19, 31) that have reported increased production of Shiga toxins by E. coli O157:H7 upon exposure to catecholamines. However, the experimental conditions between the two studies are sufficiently different (rich LB medium in our study versus serum-based basal medium; gene expression measurement at 7 h in our study versus Shiga toxin measurement at 12, 24, and 48 h) and possibly underlie the observed differences. It is also possible that colonization of abiotic surfaces (such as glass wool in our study) does not lead to expression of virulence genes as cues from epithelial cells that may be necessary for induction of the virulence genes may be missing (27) . Current work in our laboratory focuses on comparing virulence gene expression between EHEC colonization of abiotic and biotic surfaces.
The entire lsr operon was down-regulated upon exposure to EPI and NE but not indole, which suggests that the uptake of AI-2 was down-regulated upon exposure to EPI and NE and does not play a significant role in biofilm formation. However, unpublished data from our laboratory show that the addition of AI-2 increases E. coli O157:H7 biofilm formation by 9.9-fold after 24 h. The increase in E. coli O157:H7 biofilm upon addition of AI-2 is also consistent with our prior work (18, 21) showing that an AI-2 export-deficient K-12 mutant (⌬ydgG) demonstrates a 7,000-fold increase in biofilm formation (21) . Together, these findings suggest the possibility that a second FIG. 5 . Hypothetical model for E. coli O157:H7 colonization in the GI tract. Gradients of EPI and NE influence the chemotactic migration of E. coli O157:H7 to epithelial cell surfaces. Cells that do not encounter high concentrations of EPI and NE will continue to move parallel to, and not toward, the epithelial cell surface. (A) In the absence of indole-secreting commensal E. coli, colonization of the nonpathogenic biofilm occurs throughout the epithelial cell surface. (B) In the presence of commensal E. coli, the pathogen is exposed to gradients of indole which repel it from the host cells. In this scenario, colonization occurs only in regions where nonpathogenic, non-E. coli bacteria are present. The direction of migration is indicated by arrows. It is interesting that some of the genes up-regulated by NE in EHEC biofilms are also similarly altered by other bacterial molecules. Recent work from our laboratory (27) shows that the indole derivative isatin (1-H-indole-2,3-dione), which induces biofilm formation, up-regulated the expression of cold shock response genes (cspGH and deaD) by 4.6-to 17.1-fold and down-regulated the expression of the AI-2 uptake genes (lsrACDBFG) by 10.6-to 64-fold, both of which are consistent with the data presented in this study for EPI and NE (Table 2) . Similarly, both NE and isatin down-regulated the expression of genes involved in sulfur metabolism (cys genes), which are important in biofilm formation (40) . Together, these results suggest commonalities between the effect of NE and isatin on EHEC physiology, especially with respect to AI-2 signaling and biofilm formation.
The consistency with which EPI, NE, and indole impact five different responses-chemotaxis, motility, biofilm formation, gene expression, and adherence to HeLa cells-strongly indicates that these molecules are important determinants of E. coli O157:H7 colonization in the GI tract. However, the differences in the response to EPI/NE versus indole suggest that interactions between these abundant molecules could be important in GI tract infections. While the current study establishes the response of E. coli O157:H7 to a single concentration of these molecules, the colonizing pathogen is likely to encounter diffusion-driven gradients of different signals in the intestinal lumen. Current work in our laboratory is focusing on presenting different concentration gradients of signaling molecules and their combinations to E. coli O157:H7 and investigating their effect on chemotaxis and colonization.
Based on the divergent regulation of E. coli O157:H7 chemotaxis, motility, and biofilm formation by EPI/NE and indole, we propose a signal-dependent model for E. coli O157:H7 colonization in the GI tract (Fig. 5 ). In this model, it is assumed that neuroendocrine signals such as EPI and NE are present in the intestinal lumen throughout the large intestine while spatial (positional) heterogeneities in the concentration of indole exist in the large intestine due to heterogeneities in the distribution of commensal bacteria (especially that of indole-producing nonpathogenic E. coli) (34) . We propose that the migration of EHEC to the epithelial cell surface is primarily driven by sensing of EPI and NE but occurs only in regions of the biofilm where indole concentration is low or below a critical threshold value. It follows that EHEC colonization occurs to a large extent in regions of the GI tract that are not colonized by nonpathogenic E. coli (i.e., regions with low levels of indole). Furthermore, since E. coli O157:H7 itself secretes indole (ϳ400 M) (27) , subsequent colonization will occur only in places that are not already colonized by the pathogen, thereby contributing to further colonization and the spread of infection. Thus, the extent of EHEC colonization is likely to be strongly influenced by the spatial distribution of both eukaryotic signals and indole-producing commensal bacteria in the GI tract.
